Objective. In the K/BxN mouse model of rheumatoid arthritis, T cells reactive for the self antigen glucose-6-phosphate isomerase (GPI) escape negative selection even though GPI expression is ubiquitous. We sought to determine whether insufficient GPI presentation could account for the failure of negative selection and for the development of arthritis.
Negative selection requires that self antigens be properly accessed and efficiently presented to developing thymocytes (1, 2) . Hence, the expression levels and patterns of self antigens might affect the efficiency of clonal deletion (3, 4) . The relationship between serum protein levels and T cell clonal deletion has been investigated in several experimental systems. A serum concentration of hen egg lysozyme as low as 0.1 ng/ml (10 Ϫ11 M) is sufficient to delete 3A9, but not 3.L2, hen egg lysozyme-specific T cells (5) . In contrast, deletion of T cells specific for an Ig light chain as self antigen requires a serum concentration of Ͼ100 g/ml (10 Ϫ6 M) (6) . Thus, the minimum expression level of a self antigen required for efficient negative selection varies greatly depending on the antigen and T cell receptor (TCR), most likely reflecting inherent differences in the way these self antigens gain access to the thymus and are processed by thymic antigen-presenting cells (APCs), as well as the affinity of the resulting peptide for major histocompatibility complex (MHC) molecules and the affinity of those peptide-MHC complexes for their cognate TCRs.
While these studies suggest a link between expression levels and tolerance induction, it is not well understood whether insufficient self-antigen expression and presentation contribute to defective T cell tolerance and development of autoimmunity. Lower susceptibility to type 1 diabetes mellitus in humans is associated with higher expression levels of insulin in the thymus, suggesting that higher levels of insulin in the thymus might promote negative selection of insulin-specific T cells (7) . Consistent with this idea, transgenic overexpression of preproinsulin 2 was shown to substantially reduce the onset and severity of type 1 diabetes mellitus in nonobese diabetic mice (8) .
To explore how insufficient self-antigen presentation underlies defective central tolerance and, in turn, the development of autoimmunity, we used the K/BxN mouse model of rheumatoid arthritis caused by defective tolerance of a self-reactive transgenic TCR. K/BxN mice are generated when KRN TCR-transgenic mice on the B6 background (K/B) are crossed with NOD strain mice (9) . The KRN TCR specifically recognizes a peptide of glucose-6-phosphate isomerase (GPI) presented by the NOD mouse-derived class II MHC A g7 molecule. Young K/BxN mice show signs of clonal deletion in the thymus; however, significant numbers of mature CD4ϩ T cells are observed at 3-4 weeks of age (9) . Escaped KRN T cells become activated and drive B cells to produce high titers of anti-GPI antibodies, which induce arthritis in the joint by activating the complement cascade and cells of the innate immune system (10) .
GPI is a ubiquitous enzyme involved in the glycolytic pathway. An important question is how KRN T cells that recognize a ubiquitous protein escape the series of elaborate mechanisms that usually ensure tolerance to self antigens. Peptides eluted from I-A g7 on B cells include peptides from GPI (11, 12) ; however, the specific GPI peptide that is recognized by the KRN TCR, GPI 282-294 , is not among them, suggesting that GPI is not efficiently processed and presented to KRN T cells. In an earlier study, transgenic expression of G7m, a peptide mimic of GPI [282] [283] [284] [285] [286] [287] [288] [289] [290] [291] [292] [293] [294] , showed massive thymic deletion of KRN T cells and elimination of Treg cells, but the precise fate of KRN T cells could not be tracked due to the lack of a clonotype antibody (13) . Additionally, the G7m mimotope stimulates KRN T cells in vitro 10-100-fold better than the endogenous GPI 282-294 peptide. While the mimotope seems to derive most of this enhancement from increased binding to MHC molecules, some of the TCR contact residues differ from the native GPI peptide, which could possibly affect TCR avidity for the altered peptide-MHC complex.
In this study, we tested the hypothesis that insufficient processing and presentation of GPI could account for the failure of negative selection and tolerance in the K/BxN mice by increasing the antigen presentation of endogenous GPI. We generated a transgenic mouse expressing a membrane-bound form of GPI (mGPI) and a KRN TCR ␣-chain-specific antibody to track transgenic T cells. We showed that the presence of the mGPI transgene resulted in more efficient presentation of the GPI peptide, extensive deletion of KRN T cells in the thymus, and inhibition of the development of arthritis. Despite this greatly enhanced negative selection, KRN T cells still escape and accumulate in the periphery, yet unlike their arthritogenic counterparts, these escaped T cells are maintained in an unresponsive state towards GPI. This unresponsiveness does not appear to be mediated by Treg cells, as mGPI-transgenic mice develop much fewer thymic and splenic Treg cells compared to their non-transgenic littermates. Furthermore, this decrease in Treg cells correlates with the development of a wasting disease characterized by colonic inflammation and high-grade epithelial dysplasia. Taken together, our data indicate that insufficient autoantigen expression and presentation can affect both central and peripheral tolerance and may underlie the development of autoimmunity.
MATERIALS AND METHODS
Generation of mGPI-transgenic mice. The leader sequence from the H-2K b gene was amplified by polymerase chain reaction (PCR) from the pODpCAGGS plasmid (14) and ligated to the full-length complementary DNA (cDNA) of GPI. The joint fragment was cloned into the pODpCAGGS plasmid using Xba I to fuse to the H-2D b transmembrane region. The fragment without vector sequences was used to generate transgenic B6 mice by staff at the Transgenic Core Facility of the University of Chicago. Founders were identified by PCR of tail DNA using specific primers. All experiments were approved by the Institutional Animal Care and Use Committee of the University of Chicago.
Western blotting. Organs were homogenized in a tissue grinder with glass pestles (Kontes Glass) in 50 mM Tris HCl, pH 7.4, 150 mM NaCl, and 1% Nonidet P40 with a protease inhibitor cocktail (Roche). The lysates were centrifuged at 12,000g. The supernatant was used for the cytoplasmic fraction. The pellet (including nuclei) was dissolved in 2% sodium dodecyl sulfate, sonicated, and used for the membrane fraction. GPI was detected using serum from the K/BxN mice. The blots were stripped and reprobed with an anticlathrin heavy-chain antibody (clone 23, catalog no. 610500; BD Transduction Laboratory) and an antiactin antibody (catalog no. MAB1501R; Chemicon) for the membrane and cytoplasmic fractions, respectively.
Quantitative reverse transcription-PCR (RT-PCR).
Organs were homogenized in TRIzol using a Dounce homogenizer. Following RNA purification, 1 g of total RNA was used for cDNA synthesis by SmartScribe reverse transcriptase (Clontech).
Forward (CCACTAACGGACTGATCAGCTTCATC) and reverse (AAGAGTCAGTGGACGGAGGA) primers were designed to specifically amplify the mGPI transgene, and quantitative RT-PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems). C t values were normalized 2848 PERERA ET AL to a standard curve of cDNA from an mGPI transgenepositive colon sample. Enzyme-linked immunosorbent assay (ELISA). Serum titers of IgG anti-GPI were determined by ELISA. Plates were coated with 5 g/ml of recombinant mouse GPI. Serial dilutions of serum samples were detected with the use of biotinylated goat anti-mouse IgG (subclasses 1 plus 2a plus 2b plus 3) Fc␥-specific antibody (Jackson ImmunoResearch) followed by alkaline phosphatase-conjugated streptavidin. The data were fitted by a 4-parameter curve using GraphPad Prism software. The titer was defined as the serum dilution that gave an optical density of 50% maximum (inflection point) of the curve.
T cell hybridoma and antigen presentation assay. Naive T cells from KRN-transgenic mice on the B6 background were injected into TCR␣ -/-/B6xNOD F1 mice to activate them. One week after injection, CD4ϩ T cell were purified from the host spleen and were directly fused with the BWZ.36 fusion partner (15) . T cell hybrids were subcloned and screened for LacZ activity after culturing with GPI-specific B cells as APCs. Clone G2 was chosen for its high LacZ activity and low background activity.
For antigen presentation assays, 1 ϫ 10 5 KRN.G2 hybridoma cells were incubated for 24 hours in 96-well plates with splenocytes from the indicated mice. Cells were lysed, and the total LacZ activity was measured using chlorophenol red ␤-D-galactopyranoside, a chromogenic substrate.
Primary T cell proliferation assay. Splenocytes were labeled with carboxyfluorescein succinimidyl ester (CFSE) and enriched for CD4ϩ cells by positive selection on magnetic columns. Labeled CD4ϩ splenocytes (2.5 ϫ 10 4 ) were mixed with stimulator splenocytes from a B6xNOD F1 mouse (2.5 ϫ 10 5 ) that had been depleted of CD4ϩ and CD8ϩ cells by negative selection on magnetic columns. Cells were cultured in complete medium for 4.5 days with graded concentrations of GPI 282-294 peptide, with or without of 25 units/ml of human interleukin-2 (IL-2; PeproTech). Cells were stained with anti-CD4, anti-KRN␣, and propidium iodide and analyzed on a FACSCanto analyzer (BD Biosciences).
Antibodies and flow cytometry. Anti-KRN␣ antibody (clone 3-4G-B7) was generated by immunizing B6 mice with KRN T cells that also express a membrane-bound ovalbumin as carrier for T cell help (14) (details to be described in a separate article at a later date). Commercially obtained monoclonal antibodies used in these studies included anti-CD4, anti-CD8␣, anti-TCR V␤6, and anti-TCR␤ (BD PharMingen). Detection of Treg cells was carried out with a FoxP3 staining kit (eBioscience). Briefly, cells were first stained with anti-CD4, anti-CD8, or anti-CD25 antibodies and were then stained intracellularly with anti-FoxP3.
Generation of bone marrow chimeric mice. T celldepleted bone marrow cells (1-5 ϫ 10 6 ) were administered to lethally irradiated (1,050 rads) host mice by intravenous injection through the tail vein. Chimeric mice were analyzed 2-3 months after the bone marrow reconstitution.
RESULTS
Generation of mGPI-transgenic mice. Membrane proteins are processed and presented efficiently by class II MHC molecules, and expression of peptide in a membrane-bound form enhances its presentation (16, 17) . Therefore, we adapted the approach of Ehst et al (14) to express a membrane-bound form of GPI by fusing a signal peptide to the N-terminus of GPI and a membrane domain to its C-terminus. The fusion protein is driven by a ubiquitous chicken ␤-actin promoter and a cytomegalovirus immediate-early enhancer ( Figure 1A ).
Since GPI is an enzyme involved in glucose metabolism and its overexpression might have adverse effects, we mutated the histidine-388, which is critical for its enzymatic activity (18) , to a glycine. This mutation does not change the GPI peptide 282-294 that is recognized by KRN T cells. The expression of the construct was first tested in cultured 293 cells. As shown in Figure 1B , surface GPI expression was readily detectable by flow cytometry.
The construct was then used to generate transgenic mice on the C57BL/6 background, and 11 founders were identified by PCR. Unexpectedly, we were not able to detect surface GPI expression in any of the founders. The lack of surface GPI expression could be due to incorrect folding, unstable configuration on the cell surface, or its quick internalization. However, surface expression is not required for efficient antigen processing and presentation (16) , and expression of mGPI did target GPI to the membrane fraction of cells without affecting the endogenous, cytoplasmic GPI levels, as demonstrated by Western blot analysis ( Figure 1C ). One transgenic mouse line (line 5, designated as mGPI) was used in subsequent studies. Using quantitative RT-PCR, we confirmed that transgene expression in this line was detectable in all organs assayed ( Figure 1E ).
Increased presentation of GPI peptide in mGPItransgenic mice. To confirm that overexpression of mGPI increased the presentation of GPI peptide, we generated a T cell hybridoma (designated KRN.G2) using T cells from KRN-transgenic mice and BWZ.36 fusion partner that carries an NF-AT-LacZ construct (15) . Upon TCR engagement by the cognate peptide-MHC complex, LacZ is produced, providing a convenient and sensitive readout relative to the measurements of IL-2 production. The mGPI mice were first bred to the B6.H-2 g7 congenic mice to introduce the I-A g7 molecule (referred to as mGPI ϩ /g7 mice), since KRN T cells are specific for GPI peptide presented by I-A g7 only. KRN.G2 hybridoma cells were cultured with splenocytes from mGPI ϩ /g7 mice or transgene-negative littermates (mGPI Ϫ /g7), or as a positive control, the cells were cultured with splenocytes from the anti-GPI Igknockin mice on a Rag Ϫ/Ϫ mouse background, since they have a homogeneous population of GPI-specific B cells (19) . The minimum number of mGPI ϩ /g7 splenocytes needed to induce LacZ was found to be 10-50-fold less than the minimum number of mGPI Ϫ /g7 splenocytes needed, which verified the enhanced presentation of GPI peptide in mGPI ϩ /g7-transgenic mice ( Figure 1D ). Inhibition of arthritis development by mGPI. We next crossed the mGPI ϩ /g7 mice with the KRN TCRtransgenic mice to test how arthritis development was affected by the enhanced GPI presentation. The resulting mGPI ϩ /K/g7 mice and mGPI Ϫ /K/g7 littermate controls were monitored for the onset and severity of arthritis after they were weaned. As described previously (9), mGPI Ϫ /K/g7 mice developed arthritis between 4 weeks and 5 weeks of age, with a sharp onset of joint swelling. Maximum ankle swelling was reached at 6-8 weeks of age, which was followed by ankle deformity. In contrast, 85% of the mGPI ϩ /K/g7 mice had no sign of arthritis. The remaining 15% of the mGPI ϩ /K/g7 mice developed mild arthritis with a delayed onset (Figure 2A ).
Since arthritis is mediated by pathogenic anti-GPI antibodies, we determined the serum anti-GPI IgG antibody titers in both groups of mice. As shown in Figure 2B , the levels of IgG anti-GPI antibodies in the mGPI ϩ /K/g7 mice were ϳ1,000-fold lower than those in the mGPI Ϫ /K/g7 mice. Thus, the blocked arthritis development in the mGPI ϩ /K/g7 mice occurs before the production of anti-GPI antibodies.
Negative selection of KRN T cells in mGPItransgenic mice. The prevention of autoantibody production and arthritis in mGPI ϩ /K/g7 mice indicated that tolerance to GPI was restored. We analyzed the T cell compartments of these mice by flow cytometry. As described previously (9) , negative selection of KRN T cells in K/BxN mice was inefficient, and significant populations of mature single-positive cells are present in the thymus and peripheral lymphoid organs. In contrast, ϩ /g7 and mGPI Ϫ /g7 mice were analyzed by Western blotting. Anticlathrin heavy chain (HC) antibodies and anti-␤-actin antibodies were used as loading controls for membrane and cytoplasmic fractions, respectively. The calculated molecular weights of endogenous GPI and mGPI are 62.8 kd and 67.6 kd, respectively. D, Capacity of splenocytes from mGPI ϩ /g7 mice to present GPI peptide. KRN.G2 hybridoma cells (1 ϫ 10 5 ) were incubated with splenocytes from mGPI ϩ /A g7 mice, mGPI Ϫ /A g7 mice, and anti-GPI B cell receptor (BCR)-knockin mice. Total LacZ activity was measured using the chromogenic substrate chlorophenol red ␤-D-galactopyranoside. LacZ activities were normalized to an internal control. Values are the mean Ϯ SD of 3 independent experiments. E, Detection of mGPI transcript in the spleen, thymus, and colon. Real-time polymerase chain reaction analysis was performed using transgene-specific primers, and the C t values were normalized to a standard curve of mGPI ϩ /g7 mouse colon cDNA. Each data point represents a single mouse; horizontal lines show the mean.
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PERERA ET AL thymocyte deletion in mGPI ϩ /K/g7 mice was much more effective, with a 6-fold reduction in total cellularity ( Figure 3B) . Analysis of the CD4/CD8 compartments showed an almost complete deletion of the doublepositive (DP) thymocytes with relatively little change to the double-negative (DN) compartment, which resulted in a dramatic decrease in the ratio of DP to DN cells ( Figures 3A and B) . The total number of CD4ϩ singlepositive thymocytes was decreased by 2-fold, although the percentage was increased. Despite the efficient deletion of thymocytes, there was no dramatic difference in the total number of splenocytes (mean Ϯ SD 1.48 Ϯ 0.5 ϫ 10 8 in mGPI -/K/g7 mice and 1.75 Ϯ 0.7 ϫ 10 8 in mGPI ϩ /K/g7 mice) and the percentage of CD4ϩ T cells ( Figure 3A) . Analysis of activation markers on CD4ϩ T cells from both mouse groups showed an increased proportion of CD44 high CD62 low cells, consistent with previous antigen encounter (data not shown). The increased negative selection phenotype is not dependent on the age of the animals, as mice analyzed at 2 weeks of age showed very similar results ( Figure 3C ).
Since allelic exclusion for the TCR␣ chain is not very efficient in T cells, it was not clear whether the escaping CD4ϩ T cells still expressed the transgeneencoded receptor or whether they instead expressed receptors produced through endogenous rearrangements. To distinguish these possibilities, we generated an antibody (clone 3-4G-B7) specific for the ␣-chain of the KRN TCR (Perera J, et al: unpublished data) and used it to track the fate of KRN-expressing T cells, since all of the cells that express the KRN ␣-chain also express the KRN ␤-chain. As shown in Figure 3D , 3-4G-B7 was specific for KRNϩ T cells and showed no staining of wild-type T cells. The percentage of KRNϩ T cells in the CD4 single-positive compartment in the thymus was reduced slightly, but the number of KRNϩ T cells was reduced by 3-fold, confirming the increased deletion of KRN T cells (Figures 3C and D) . Similar changes were seen in the periphery, where the percentage of 
KRNϩ T cells among CD4ϩ T cells was decreased 40%
, and the number of KRNϩ T cells was reduced 3-fold ( Figures 3D and E) . These results show that despite a reduction in numbers, there is still a significant population of KRN T cells in the periphery, however, the abrogation of antibody production and arthritis indicate that these KRN T cells are functionally silenced.
We confirmed this by measuring the T cell response to GPI 282-294 peptide in vitro. CD4ϩ T cells from the spleens of mGPI ϩ /K/g7 and mGPI Ϫ /K/g7 mice were enriched and labeled with CFSE. These labeled splenocytes were mixed with A g7 -bearing stimulator cells in the presence of graded amounts of GPI 282-294 peptide. KRNϩCD4ϩ T cells from mGPI Ϫ /K/g7 mice proliferated robustly in response to peptide, while T cells from mGPI ϩ /K/g7 mice did not ( Figures 4A and B) . In certain models of T cell anergy, the addition of exogenous IL-2 can restore proliferation (20) ; however, we did not observe any effect on KRNϩ T cells in cultures of cells derived from mGPI ϩ /K/g7 mice and supplemented with IL-2 ( Figure 4B ). These data support the idea that the escaped KRN T cells are maintained in a state of tolerance to GPI in the peripheral immune system.
Contribution of bone marrow-derived versus non-bone marrow-derived APCs. Thymic APCs can be subdivided into radiosensitive bone marrow-derived hematopoietic cells and radioresistant non-bone marrowderived thymic epithelial cells. Both types of cells can efficiently mediate negative selection if they have access to the antigens (21) . Since the mGPI transgene was driven by a ubiquitous promoter, we compared the relative contribution of bone marrow-derived APCs versus thymic epithelial cells for the efficient clonal deletion of the KRNϩ T cells observed in the transgenic mGPI ϩ /K/g7 mice. Four types of bone marrow-chimeric mice were generated using bone marrow donors or hosts that did or did not express the mGPI transgene ( Figure 5 ). Chimera 4 served as the negative control, since neither the bone marrow donor nor the host carried the mGPI transgene. Chimera 1 served as the positive control since both the bone marrow donor and the host carried the mGPI transgene. In chimera 2, only the bone marrow donor carried the mGPI transgene, and in chimera 3, only the host carried the mGPI transgene.
Analyses of the numbers of total thymocytes and the ratio of DP cells to DN cells showed that either bone marrow-derived APCs or thymic epithelial cells could mediate the efficient deletion of KRNϩ T cells; however, thymic epithelial cells were slightly more efficient than bone marrow-derived APCs (by comparing chimera 2 and 3). Thymic epithelial cells also induced a more dramatic reduction in the DP:DN cell ratio, suggesting that the deletion takes place at an earlier stage in thymocyte development. This is consistent with the different anatomic localization of developing thymocytes. DP cells are mostly localized in the cortex, and they will be deleted by cortical thymic epithelial cells that have a sufficient amount of peptide-MHC complex. Deletion by bone marrow-derived APCs that mainly reside in the thymic medulla will occur at a later stage in development.
Defective Treg cell production and development of wasting disease in mGPI ؉ /K/g7 mice. Although mGPI ϩ /K/g7 mice did not develop arthritis, measure- 
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PERERA ET AL ment of their body weight over time showed that their growth was arrested early ( Figure 6B ). By 2-3 months of age, they started to exhibit hunched posture, had ruffled fur, and were thin and lethargic. The mice that developed the most severe phenotypes were euthanized according to the guidelines of the Institutional Animal Care and Use Committee. The survival of the mice decreased with age, and by 5 months of age, only 35% of mice had survived ( Figure 6A ). A survey of multiple organs from these mice did not show overt inflammation in the liver, kidney, lung, heart, or pancreas. Analysis of the gastrointestinal tract of these animals revealed that the small intestine was histologically normal, but the large intestine (cecum and colon) demonstrated mildto-severe, active, chronic inflammation in Ͼ90% of the mice analyzed at 2-5 months of age ( Figure 6D ). In 5 of 11 mice, low-grade epithelial dysplasia was observed, and in another mouse, high-grade dysplasia with invasion into the submucosal lining (data not shown) was noted. In contrast, we observed no colonic inflammation or dysplasia in mGPI transgene-negative mice ( Figure 6C ).
We next examined whether Treg cells were affected in mGPI ϩ /K/g7 mice. As shown in Figure 6E , the percentages of FoxP3ϩCD25ϩ Treg cells were greatly reduced in the thymus and spleen of mGPI ϩ /K/g7 mice. The absolute numbers of Treg cells were decreased 13.8-fold in the thymus and 3.8-fold in the spleen ( Figure  6F ). This reduction was not due to an inability of KRNϩ T cells to be recruited into the Treg cell compartment, as KRNϩ Treg cells are observed at similar frequencies in both genotypes ( Figure 6G) . Consistent with the role of Treg cells in suppressing intestinal autoimmunity in many experimental models (22) , these data suggested that loss of Treg cells might be responsible for the development of colitis and wasting in the mGPI ϩ /K/g7 mice.
Given the unresponsive nature of KRNϩ T cells in the spleen of mGPI ϩ /K/g7 mice, we sought to determine whether KRN T cells were anergic in the gut. We measured the ability of mGPI ϩ /K/g7 T cells from the mesenteric lymph nodes of 6-month-old mice to respond to GPI 282-294 peptide stimulation in vitro. While KRNϩ T cells from the mesenteric lymph nodes of mGPI Ϫ /K/g7 mice expanded dramatically relative to their splenic counterparts, those from mGPI ϩ /K/g7 mice remained unresponsive to peptide ( Figure 6H ).
DISCUSSION
In this study, we investigated whether insufficient presentation of self antigens could account for the escape of autoreactive cells from negative selection and the breakdown of tolerance in the case of a ubiquitous self antigen. In this study, we showed that enhanced presentation of GPI indeed dramatically increased KRN T cell deletion at the double-positive stage in the thymus and prevented the development of arthritis. The massive deletion in the thymus was also accompanied by significant loss of regulatory T cells and severe chronic inflammation in the colon of these transgenic animals.
Biochemical, structural, and functional analyses of the class II MHC I-A g7 molecule suggest that its peptide-binding properties play important roles in autoimmunity (23) . In particular, I-A g7 binds to many of its ligands in the low micromolar range, which is weak as compared to other murine alleles, such as I-A k , that bind to their peptides in the nanomolar range. The escape of autoreactive T cells specific for the insulin ␤-chain peptide (9-23) is attributed to the weak binding of the peptide to the I-A g7 molecule (for review, see ref. 23 ). Comparison of the core GPI peptide (SIALHVGFD) to the I-A g7 peptide binding motif (24) shows the presence of preferred amino acids at multiple positions. However, the inability to detect this peptide among those eluted from I-A g7 on B cells, which include other GPI peptides, supports a model in which weak binding of GPI [282] [283] [284] [285] [286] [287] [288] [289] [290] [291] [292] [293] [294] to I-A g7 allows for the escape of KRN T cells (11, 12) . Our results show that higher expression levels may compensate for the lower affinity of peptide for the MHC. Therefore, the efficiency of tolerance induction of a particular T cell specificity may depend on multiple factors, including the expression level of self protein, the efficiency of antigen processing and presentation, and the affinity of peptide for the MHC.
Self-antigen expression levels can affect Treg cell differentiation, although the mechanism is not well understood (for review, see refs. 25 and 26). In mGPI ϩ / K/g7 mice, increased antigen presentation leads to decreased number of Treg cells. Our results are consistent with those of previous studies in which TCR-transgenic mice specific for hemagglutinin (HA) were crossed with multiple lines of mice expressing different levels of HA (25) . It was shown that the differentiation of Treg cells is dependent on the recognition of self peptide (HA peptide), since few Treg cells developed in mice expressing just the TCR transgene. Higher levels of HA expression led to more efficient deletion of cognate T cells. Of the cells that evaded deletion, similar proportions acquired FoxP3 expression. The net result was that higher expression levels of HA led to lower total numbers of Treg cells.
While the mechanism for the development of colitis in the mGPI ϩ /K/g7 mice was not addressed herein, our results are consistent with the wellestablished role of regulatory T cells in maintaining intestinal homeostasis (for review, see ref. 22) . In the T cell-transfer model of colitis, adoptively transferred naive CD4ϩ T cells cause intestinal inflammation in recipient SCID mice, and colitis can be prevented by cotransferred Treg cells. The colitis in mGPI ϩ /K/g7 mice could be attributed to a decrease in Treg cell production, along with a potential narrowing of Treg cell specificities due to expression of the TCR transgene. It is also possible that KRN T cells and mGPI expression in the colon play a role in the pathogenesis of colitis. It has been demonstrated that colonic epithelial cells can aberrantly express class II MHC molecules in response to inflammation (27) . The high expression of the mGPI transgene in the colon might contribute to the presen- 2854 PERERA ET AL tation of GPI to the KRN T cells by colonic epithelial cells or other APCs, thereby exacerbating disease. Our data support the idea that the mechanisms of both central and peripheral tolerance are important to the prevention of autoimmunity. It has been estimated that one-half to two-thirds of thymocytes that are positively selected subsequently undergo negative selection (for review, see ref. 28 ). However, central tolerance is neither perfect nor foolproof. In our model, there are plenty of KRN T cells in the peripheral immune system of mGPI ϩ /K/g7 mice, yet they do not initiate disease. How are they functionally silenced? Since the Treg cell numbers are significantly reduced in the mGPI ϩ /K/g7 mice, Treg cells do not appear to be responsible for the reinstatement of tolerance. Anergy is one of the major mechanisms of peripheral tolerance, and in vivo anergy has been described for several transgenic TCRs (for review, see ref. 29) . Our system resembles those models in terms of the unresponsiveness of T cells and the inability of exogenous IL-2 to rescue proliferation. Studies looking at the effect of antigen expression level on in vivo anergy induction found that a pigeon cytochrome c transgene was capable of tolerizing transgenic T cells equally well at both high and low expression levels (30) .
Our model is unique in two respects. First, in our model, the natural level of presentation leads to activation, and only high levels of antigen presentation lead to tolerance. Second, arthritis development provides a functional in vivo readout for T cell fate decision. It is possible that in our system, mGPI expression affects not only the strength of antigenic stimulation, but also the major type of APCs involved. In mGPI ϩ /K/g7 mice, the capacity of all B cells to present GPI is increased. It has been shown that targeting antigens to B cells could induce T cell tolerance (31) (32) (33) . Further mechanistic studies are needed, and the results could shed light on the ways that autoreactive T cells escape peripheral tolerance mechanisms to drive autoimmune responses.
